Abstract. We have developed a novel procedure for constructing high surface area silver sinter heat exchangers. Our recipe incorporates nylon fibers having a diameter of ∼ 50 µm and thin wires of bulk silver in the heat exchanger. In order to increase the thermal conductance of liquid helium within the heat exchanger, prior to sintering, the nylon fibers are dissolved with an organic acid leaving a network of channels. In addition, the silver wires reinforce the structural integrity, and reduce the resistance, of the silver sinter. We have constructed a 3 He melting curve thermometer (MCT) with this type of heat exchanger and measured the thermal time response of the liquid 3 He inside the MCT in the temperature range T ≈ 2 − 150 mK. We find a thermal relaxation time of ∼ 490 s at T ≈ 1 mK. We have used scanning electron microscopy (SEM) to characterize the heat exchanger and BET absorption for determination of the specific surface area.
Introduction
Heat exchangers constructed from metallic sinters are well suited, and widely used, to cool liquid helium to low temperatures. The large surface areas attainable in metallic sinters can compensate for the large Kapitza boundary resistance at the metal-liquid helium interface. However, depending upon the open volume of the sinter, the thermal resistance within the liquid helium or in the sinter itself can be of the same order as, or larger than, the Kapitza resistance [1] , in particular well below the transition to superfluidity in 3 He. Our construction procedure for low temperature heat exchangers is designed to reduce these two, non-Kapitza, contributions to the overall thermal resistance by increasing the thermal conductance of the liquid helium and the conductance within the sinter. This is performed by creating a series of channels in the sinter having a diameter of ∼ 50 µm, allowing greater access to the internal surface area of the exchanger and adding bulk silver wires throughout the heat exchanger. Here we report on our heat exchanger construction procedure and measurements of the low temperature thermal resistance.
Heat Exchanger Construction
The powder used for our heat exchanger was Grade 440 silver powder purchased from Nanopowder Industries (Israel). Using BET absorption [2] of nitrogen we measured the specific surface area of the raw powder to be 2.6 ± 0.1 m 2 /g, which is comparable to, or larger than, values found for other powders typically used in the construction of low temperature heat exchangers [3] . Note, prior to the BET measurement the powder was sifted through a fine nylon mesh having openings of ∼ 50 µm. A mixture of sifted powder, along with ∼ 50 µm diameter nylon fibers, and ∼ 170 − 250 µm diameter bulk silver wires, was pressed into the gold plated copper body of a 3 He melting curve thermometer [4, 5] , see Fig. 1 . The nylon fibers and silver wires were cut to ∼ 1 − 2 cm lengths to ensure uniform coverage across the 1.1 cm diameter of the heat exchanger. The mass mix ratio for the three ingredients was {powder : nylon : wires = 1 : 0.017 : 0.052}. This mixture was divided into seven equal charges that were sequentially pressed in the body of the MCT at a constant pressure of ∼ 45 MPa. For each charge the pressure was applied for approximately 60 s. Care was taken to maintain a homogeneous distribution of the ingredients within each charge. A circular piece of coarse filter paper was placed between the mixture and the surface of the brass press plunger during each charge and was removed between subsequent presses. This procedure produced a rough pressed powder surface to obtain good contact between the material in consecutive charges. After seven charges, the final height of the cylindrical heat exchanger was 2 mm.
The nylon fibers were then removed by placing the heat exchanger into a beaker containing 100 cc of formic acid (CH 2 O 2 ). The formic acid penetrates into the pores of the heat exchanger and dissolves the nylon, leaving ∼ 50 µm channels. The acid bath was replaced each day and the exchanger remained immersed for a total of three days after which it was transferred to a 500 cc methanol bath to solvent exchange the formic acid. The methanol was replaced each day, for two days after which a similar procedure was followed to solvent exchange the methanol with pure water. The heat exchanger was allowed to dry and then sintered at 125 • C for 45 minutes in an evacuated oven that was back-filled with hydrogen gas to a pressure of ∼ 75 torr.
The final packing fraction of the heat exchanger was measured to be ∼ 56% relative to the density of bulk silver. We performed SEM to characterize the channels in the heat exchanger. Fig. 2 is a representative SEM image. We have checked the specific surface area of heat exchangers made by this method with nitrogen BET [2] and find a value of 1.8 ± 0.1 m 2 /g. The amount of silver powder in our heat exchanger was 1.59 ± 0.01 g yielding a total surface area of 2.9 ± 0.2 m 2 .
Thermal Relaxation Measurement
To ascertain the quality of our heat exchanger we have made measurements of the thermal relaxation of the 3 He inside the MCT as a function of temperature in the range T ≈ 1 − 100 mK. The MCT, which was calibrated with respect to the Greywall temperature scale [6] , monitored the temperature of the 3 He. The volume of 3 He in the MCT was 0.55 ± 0.1 cc. The MCT was attached to a copper flange connected to a PrNi 5 nuclear demagnetization refrigerator. All of the measurements were performed with zero magnetic field at the position of the MCT. Cooling to ∼ 20 mK was performed with a dilution refrigerator during which a magnetic field of 8 T was applied to the PrNi 5 nuclear stage. Temperatures below this were achieved by adiabatically dimagnetizing the PrNi 5 . At the lowest temperatures the final demagnetization field was 300 G. Data were collected by applying heat pulses to the nuclear stage to raise the temperature of the 3 He inside the MCT. The exponential recovery of the temperature of the 3 He was fit to obtain the recovery time constant, τ , see Fig. 3 .
Results and Discussion
In Fig. 4 we present results of the thermal relaxation time constant, τ , for our heat exchanger as a function of temperature. At temperatures above ∼ 20 mK we find that τ is longer than would be expected from a T −3 temperature dependence of the Kaptiza boundary resistance [1, 7] and may reflect a reduction in the thermal conductance of the 3 He within the sinter [8] , possibly due to the formation of solid 3 He within the channels. From our measurements of τ it is possible to calculate the thermal boundary resistance R b between the 3 He and silver sinter according to the following relation, R b = τ /C 3 , where C 3 is the heat capacity of the 3 He inside the MCT [6, 9] . This relation is valid for our experimental configuration because at all temperatures C 3 << C N S , where C N S is the heat capacity of the PrNi 5 nuclear stage [10] . In Fig. 5 we present results for the thermal boundary resistance, R b , multiplied by the surface area, A, of the silver sinter for our heat exchanger along with the results of Andres et al. [7] in the temperature range T = 1 − 10 mK. We note that at 2 mK R b A for our sinter is approximately 2.4 times lower than that reported by Andres et al. [7] and corresponds to τ = 490 s.
Conclusions
We have measured the low temperature thermal boundary resistance between liquid 3 He and our novel silver sinter heat exchanger inside of a MCT. At ∼ 2 mK we find R b A = 6.28(±0.01) × 10 5 Figure 5 . (Color online) Low temperature values of R b A for our heat exchanger (closed blue cirlces) along with data from Andres et. al [7] (open red circles). m 2 K/W, which is comparable to, or lower than, typical values found for other silver sinters [7] . Additionally, our construction method perserves ∼ 70% of the specific surface area of the raw powder and could be useful in the construction of compact, efficient low temperature heat exchangers.
